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ull Spectrum plots have recently 

received a lot of worldwide atten- 

tion. In addition to the work being 
done at Bently Rotor Dynamics 
Research Corporation and Bently Nev- 
ada Corporation, there is some related 
work (“Directional Power Spec- 
trum”[Ref. Ljand “Holo Spectrum’ Ref. 
2|) being done in Korea and the People’s 
Republic of China, This article discusses 
the benefits of Full Spectra and how to 
use Full Spectrum plots in a machinery 
diagnostic analysis for fluid-induced 
instabilities, In Part 2. in the next issue, I 
will discuss using Pull Spectrum plots in 
machinery diagnostic analyses for rubs, 
preloads and misalignment, shaft cracks 
and split criticals. 

Briefly, a Full Spectrum has the same 
relationship to a “standard” Spectrum 
In the trequency domain as an Orbit has 
ta a Timebase waveform in the time 
domain, While a Spectrum and a 
Timebase waveform only require a sin- 
fle input, a Full Spectrum and an Orbit 
both require signals from two orthoeo- 
nal sources [ Ref. 3], This provides both 
Orbits [Ref. 4] and Full Spectra with 
Information on the ellipticity of the 
orbit and the direction of vibration, 
something neither a Spectrum nor a 
Timebase waveform has, From the 
direction of vibration, if the direction of 
shaft rotation is known, the vibration 
precession can be determined. Orbit 
ellipticity and vibration precession are 
two of the basic characteristics which 
must be determined before a compre- 
hensive machinery diagnostic analysis 
can be made. 

Conducting a correct and compre- 
hensive machinery diagnostic analysis is 
a very difficult proposition. Different 
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techniques and data formats provide 
the analyst with different “tools” with 
which to work. The more tools the 
analyst has avallable and knows how to 
use, the easier this difficult job 
becomes. Sometimes one tool provides 
the best insight while another tool may 
be best for a different situation. | like to 
use the analogy of automobile 
mechanics: the professional has a full 
lool chest and a significant amount of 
training on when and how to use cach 
tool. The amateur may only have a cres- 
cent wrench, a screwdriver and a lot of 
apod Intentions, 

The purposes of this article are three- 
fold: 


(1) To define the conventions used 
for Full Spectrum plots . 

(2) To show how to extract informa- 
tion from a Full Spectrum plot 
(note that a Full Spectrum plot, 
in and of itself, is nothing more 
than processed dala which may 
or may not contain any informa- 
ton. Data, even processed data, 
is nothing more than a set of 
numbers, whereas information 
increases Our knowledge or pro- 





vides answers to questions.) 

(3) To briefly show how this informa- 
tion is used in a machinery diag- 
nostic strategy to provide answers 
ta the fundamental questions, 
“What is my machine doing?” 
and “Why 1s it doing that?” 


Generating an ellipse with 
rotating vectors 


As illustrated, but not explained, in my 
introductory article on Full Spectrum in 
the June 1993 Orbit |Ref. 3], a single 
frequency elliptical Orbit can be con- 
structed from forward and reverse vibra-_ 
tion components. If vectors A “A and B 
rotate in opposite directions at the same 
frequency, their vector sum describes an 
ellipse. The ellipticity and precession of 
the Orbit depends on the amplitude rela- 
tionship between “A and B. The orient- 
ation of the major axis of the ellipse 
depends on the phase relationship 
between A and B. Figures 1 through 6 
show some simple examples. 


When dealing with machinery diag- 
nastics and Full Spectra, the same con- 
cept is valid except in the inverse 
direction. The machine is doing what 


Forward vector 
A=3 cos (wt+ 0) 


Reverse vector 
B= 1.5 cos [-wt+45°) 


Figure 1 
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the Orbit shows it is doing; the A und B 


vectors, plotted as forward vibration and 
reverse vibration components, respec- 
tively, are solutions from the FFT com- 
putation which generate the same Orbit, 


Conventions 

Pertinent conventions are defined us 

follows: 

(1) Rotational directions, clockwise 
(CW) and counterclockwise 
(CCW), are determined by look- 
ing from the driver end of a 
machine train towards the driven 
end, unless otherwise specified. 

(2) When the direction of vibration 
and the direction of shaft rota- 
lion are the same, forward pre- 
cession occurs. When they are 
apposite, reverse precession 
OCCULS, 

Fluid-induced instability 

A fluid-induced instability, com- 

monly referred to as ou whirl or oil whip, 





Figure 2 
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Figure 4 
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Forward vector 
A=3 cos (wt+ 0) 


Reverse vector 
B= 1.5 cos (-wt-45°) 


Forward vector 


Reverse vector 
B = 2 cos (-wt+Q] 


is the special dual resonance condition 
resulling when both the Direct Dynamic 
Stiffness (which relates to the system 
mechanical resonance) and the Quad- 
rature Dynamic Stiffness (which relates 
lo the system fluid resonance) both 
equal zero al the same time. Basically, 
the Direct Dynamic Stiffness equals 
vera when the mass stiffness term and 
the spring stiffness term are egual and 
opposite each other (K = 9°M), leaving 
the Quadrature Dynamic Stiffness term 
as the only restraint for the system, The 
Quadrature Dynamic Stiffness term 
equals zero when w = Af [Ref. S|, leav- 
ing the Direct Dynamic Stiffness term 
as the only restraint for the system, 


Definition of terms: 
= rotor mass 
spring stiffness 
rotative speed 
= fluid circumferential aver- 
age velocity ratio 


= o RT 
|l 








w = angular velocity of rotor 


When both Direct and Quadrature 
Stiftnesses are zero at the same time, the 
system is operating on top of both its 
mechanical and Muid resonances at the 
same time, and there is no restraint for 
the system: the system 1s unstable. A new 
balance of forces is achieved at the limit 
cycle of the rotor orbital motion, 1.6., 
when the orbital motion approaches the 
bearing or seal clearance. 

From a machinery diagnostic point of 
view, the instability vibration is driven by 
the tangential component of the fluid 
wedge support force, which always acts 
in the direction of shaft rotation, The 
most definitive signal characteristics of 
an instability vibration are a circular (or 
nearly circular) Orbit with large (limit 
cycle) amplitude and forward preces- 
sion ata frequency of approximately Ag. 
Since the value of A is a nonlinear func- 
tion of shaft eccentricity, bearing/seal 


Forward vector 
A=2 cos fwt+0) 


Reverse vector 


Figure 3 


Forward vector 
A=1cos (wi-45") 
Reverse vector 
B=1 cos (—wt45~) 


Figure 5 
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geometry, surface roughness, and fluid 
inlet conditions [Ret. 6), the frequency 
ot the instability vibration can vary, bul 
for lypical conditions is often slightly 
less than tX for whirl instabilities, 
Figure 7 shows a Full Cascade plot for 
a startup of a COWrotating machine 
with a threshold of stability of approx- 
pad 2300 pm Coan twa ition cate 
ducers were CA al She hou 
bearing of the machine, which is where 
the instability was located. Figures 8 
and 9% show the corresponding Orbit’ 
Timebase plots for both whirl (2790 
Tom) and whip (4890 rpm}. Note that 
the Orbits are both circular with high 
amplitudes and forward precession (the 
shaft is rotating counterclockwise and 
the horizontal motion leads the vertical 
motion by approximately 90°). The Full 
Cascade plot confirms that, for speeds 
less than approximately 4500 rpm, the 
vibration is composed almost entirely 








Figure & 
Pluid-induced instability: oil whirl produces a circular, or nearly 
circular, orbit with forward precession (2790 rpm). 
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of high amplitude forward vibration 
components. The absence of reverse 
vibration components signifies thal the 
shape of the Orbit is circular and that 
the precession is forward, The insta- 
bility vibration frequency 1s approx- 
imately 045X for the whirl instability, 
and it begins to diverge when the system 
begins the transition into whip insta- 
bility as the rotor speed approaches 
5000 rpm. Also notice that the Orbit for 
the whip instability {Figure 9} is slightly 
elliptical, and the Full Spectrum plot 
confirms that small reverse vibration 
components exist for machine speeds 
above approximately 4500 rpm. W 
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Correction 

The dune (9939 Orbi contained an error. 
fhe article, Plus and Minus Spectrum, on 
page TÔ repeated the same Spectrum plot 
for Figure 4, examples 1-5, The amplitude, 
speed, dates and tunes of the Spectrum 
plots should have corresponded to the 
Orbit! Tinesbase plots displayed. We regret 
any conflsion this may fave caused, W 


“Rotating Machinery Faull 
Aca- 
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Figure 9 


Fluid-induced instability: oil whip produces a circular, or nearly 
circular, orbit with forward precession {4890 rpm). 
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